EP 3 971 639 A1

(19) Europdisches
: Patentamt

(12) EUROPEAN PATENT APPLICATION
published in accordance with Art. 153(4) EPC

EP 3971 639 A1

European
Patent Office

Office européen

des brevets (1 1 )

(43) Date of publication: (51) International Patent Classification (IPC):

23.03.2022 Bulletin 2022/12
(21) Application number: 20785667.5

(22) Date of filing: 06.03.2020

G03B 15/00 (2021.01) GO03B 17/02 (2021.01)
G03B 17/56 (2021:01) HO1L 41/09 (2006.01)
HO1L 41/257 (2013.01) GO02B 7/02 (2021.07)
HO4N 5/225 (2006.01) B60S 1/60 (2006.0)

(562) Cooperative Patent Classification (CPC):

HO1L 41/0973; B60S 1/56; G02B 7/02;
G02B 27/0006; GO3B 17/08; GO3B 17/55;
HO04N 5/22521; G02B 13/16

(86) International application number:

PCT/JP2020/009609

(87) International publication number:

WO 2020/230419 (19.11.2020 Gazette 2020/47)

(84) Designated Contracting States:
AL AT BE BG CH CY CZDE DK EE ES FI FR GB
GRHRHUIEISITLILTLULVMC MK MT NL NO
PL PT RO RS SE SI SK SM TR
Designated Extension States:
BA ME
Designated Validation States:
KH MA MD TN

(30) Priority: 16.05.2019 JP 2019093163

(71) Applicant: Murata Manufacturing Co., Ltd.
Nagaokakyo-shi, Kyoto 617-8555 (JP)

(72) Inventors:
¢ ISHIl, Yuuki
Nagaokakyo-shi
Kyoto
6178555 (JP)

* FUJIMOTO, Katsumi
Nagaokakyo-shi
Kyoto
6178555 (JP)

* SAKAGUCHI, Hitoshi
Nagaokakyo-shi
Kyoto
6178555 (JP)

(74) Representative: Stockeler, Ferdinand et al

Schoppe, Zimmermann, Stockeler
Zinkler, Schenk & Partner mbB
Patentanwilte

Radlkoferstrasse 2

81373 Miinchen (DE)

(54) OPTICAL DEVICE AND OPTICAL UNIT COMPRISING OPTICAL DEVICE

(57)  An optical device (10) of the present invention
includes a protective cover (12), a housing (11) thatis a
cylindrical body, and a vibrating body (13). The vibrating
body (13) vibrates the protective cover (12) by selecting,
from a plurality of vibration modes in which the protective
cover (12) is vibrated, a cleaning mode in which vibration
displacement of the protective cover (12) becomes max-

imum and a higher-order heating mode in which the
number of nodes is larger than that in the cleaning mode.
In the heating mode, the position of the maximum vibra-
tion displacement in this vibration mode is within a region
of the protective cover (12) that corresponds to the field
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Description
Technical Field

[0001] The present invention relates to an optical de-
vice and an optical unit that includes an optical device.

Background Art

[0002] In recent years, an optical unit that includes an
optical sensor such as an imaging element has been
mounted on a front portion or a rear portion of a vehicle,
and an image obtained by the optical unit has been used
so as to control a safety device or so as to perform au-
tonomous driving control. Since such an optical unit is
often mounted on the outside of a vehicle, foreign matters
such asraindrops, mud, and dust may sometimes adhere
to a light-transmitting member (a lens or a protective cov-
er) that covers the exterior of the optical unit. When a
foreign matter adheres to the light-transmitting member,
the adhered foreign matter is captured in an image that
is obtained by the optical unit, so that a clear image can-
not be obtained. In addition, in cold weather, ice or frost
adheres to the surface of the light-transmitting member
of the optical unit mounted on the outside of the vehicle,
so that the optical unit cannot obtain a clear image.
[0003] Accordingly, an optical unit described in Patent
Document 1 is capable of vibrating a light-transmitting
member at a first frequency (in a cleaning mode) in order
to remove a foreign matter adhering to a surface of the
light-transmitting member and also vibrates the light-
transmitting member at a second frequency (in a heating
mode) in order to heat the light-transmitting member.
More specifically, in the optical unit described in Patent
Document 1, a controller circuit switches the mode in
which the light-transmitting member is vibrated between
the cleaning mode and the heating mode.

Citation List
Patent Document

[0004] Patent Document 1: U.S. Patent Application
Publication No. 2018/0246323

Summary of Invention
Technical Problem

[0005] Inthe optical unitdescribed in Patent Document
1, although the light-transmitting member is heated at
the second frequency, which is different from the first
frequency of the cleaning mode, a portion that is most
desired to be vibrated and heated (e.g., the visual field
range of the optical sensor) is not selectively heated, and
the heating efficiency is low.

[0006] Accordingly, itis an object of the presentinven-
tion to provide an optical device capable of removing a
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foreign matter adhering to a light-transmitting member
and selectively causing heat generation within the region
of the light-transmitting member and an optical unit that
includes an optical device.

Solution to Problem

[0007] An optical device according to an aspect of the
present invention includes a light-transmitting member
thatis arranged in a viewing direction of an optical sensor,
a cylindrical body at one end of which the light-transmit-
ting member is held, and a vibrating body that vibrates
the light-transmitting member by using a piezoelectric
element disposed along another end of the cylindrical
body. The vibrating body vibrates the light-transmitting
member by selecting, from a plurality of vibration modes
in which the light-transmitting member is vibrated, a first
vibration mode in which vibration displacement of the
light-transmitting member becomes maximum and a
higher-order second vibration mode in which the number
of nodes is larger than the number of nodes in the first
vibration mode. In the second vibration mode, a position
of a maximum vibration displacement in the second vi-
bration mode is within a region of the light-transmitting
member that corresponds to a field of view of the optical
sensor.

[0008] An optical device according to another aspect
of the present invention includes a light-transmitting
member that is arranged in a viewing direction of an op-
tical sensor, a cylindrical body at one end of which the
light-transmitting member is held, a vibrating body that
vibrates the light-transmitting member by using a piezo-
electric element disposed along another end of the cy-
lindrical body, and a switching unit that switches a vibra-
tion mode in which the light-transmitting member is vi-
brated. The vibrating body vibrates the light-transmitting
member by selecting, from a plurality of vibration modes
in which the light-transmitting member is vibrated, a first
vibration mode in which vibration displacement of the
light-transmitting member becomes maximum and a
higher-order second vibration mode in which the number
of nodes is larger than the number of nodes in the first
vibration mode. The switching unit switches to, as the
second vibration mode, a vibration mode in which a max-
imum vibration displacement occurs at a position in the
region of the light-transmitting member corresponding to
the field of view of the optical sensor in accordance with
the position.

[0009] An optical unit according to another aspect of
the present invention includes an optical sensor and the
above-described optical device.

Advantageous Effects of Invention

[0010] Accordingtothe presentinvention, since a high-
er-order second vibration mode is selected so as to vi-
brate a light-transmitting member, a foreign matter ad-
hering to the light-transmitting member can be removed,
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and heat generation can be selectively caused within the
region of the light-transmitting member.

Brief Description of Drawings
[0011]

[Fig. 1] Fig. 1 is a schematic diagram illustrating a
configuration of an optical unit according to a first
embodiment.

[Fig. 2] Fig. 2 is a schematic diagram illustrating the
case in which a vibrating body according to the first
embodiment is driven in a cleaning mode.

[Fig. 3] Fig. 3 is a schematic diagram illustrating the
case in which the vibrating body according to the first
embodiment is driven in a heating mode.

[Fig. 4] Fig. 4 is a graph illustrating a relationship
between frequency and impedance when the vibrat-
ing body according to the first embodiment is driven
in the heating mode.

[Fig. 5] Fig. 5 is a schematic diagram illustrating vi-
bration of the vibrating body according to the first
embodiment.

[Fig. 6] Fig. 6 is a temperature profile of a protective
cover 12 when the vibrating body according to the
first embodiment is driven in the heating mode.
[Fig. 7] Fig. 7 is a diagram illustrating a driving signal
that is supplied to a vibrating body 13 according to
a second embodiment.

[Fig. 8] Fig. 8 is an enlarged view of a period | illus-
trated in Fig. 7.

[Fig. 9] Fig. 9 is a diagram illustrating a result of FEM
analysis in the case where a vibrating body accord-
ing to a third embodiment is driven in the heating
mode.

[Fig. 10] Fig. 10 is a schematic diagram illustrating
vibration of the vibrating body according to the third
embodiment.

Description of Embodiments

[0012] An optical unit according to an embodiment of
the present invention will be described in detail below
with reference to the drawings. Note that components
denoted by the same reference signs in the drawings are
the same or correspond to each other.

(First Embodiment)

[0013] An optical unit according to a first embodiment
will be described below with reference to the drawings.
Fig. 1isaschematicdiagramiillustrating the configuration
of an optical unit 100 according to the first embodiment.
Fig. 1(a) is a sectional view of the optical unit 100, and
Fig. 1(b) is a diagram illustrating the appearance of the
optical unit 100. The optical unit 100 is mounted on, for
example, a front portion, a rear portion, or the like of a
vehicle and is a unit that obtains information regarding
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the shape, the color, the temperature, and so forth of an
object and information regarding, for example, the dis-
tance to an object. The optical unit 100 includes an optical
sensor 1 that obtains information regarding the shape,
the color, the temperature, and so forth of an object and
information regarding, for example, the distance to an
object and an optical device 10 that holds the optical sen-
sor 1. The optical device 10 includes an optical member
that guides light to a sensor surface of the optical sensor
1. The optical unit 100 is mounted on, for example, a
vehicle as a result of the optical device 10 being fixed
onto a support member 2. Note that the optical unit 100
is not limited to being mounted on a vehicle and may be
mounted on other apparatuses such as a ship or an air-
craft.

[0014] When the optical unit 100 is used outside by
being mounted on a vehicle or the like, foreign matters
such as raindrops, mud, and dust may sometimes adhere
to alight-transmitting member (alens or a protective cov-
er) that is arranged in the viewing direction of the optical
sensor 1 and that covers the exterior of the optical sensor
1. Accordingly, the optical device 10 includes removing
means that removes a foreign matter adhering to the
light-transmitting member.

[0015] More specifically, the optical device 10 includes
a housing 11, a transparent protective cover (light-trans-
mitting member) 12 that is disposed on a surface of the
housing 11, and a vibrating body 13 that vibrates the
protective cover 12. The vibrating body 13 is connected
to an excitation circuit 14 and vibrates the protective cov-
er 12 onthe basis of a signal from the circuit. The vibrating
body 13 is the removing means and removes a foreign
matter adhering to the protective cover 12 by vibrating
the protective cover 12. Note that the optical sensor 1 is
disposed further inside than the protective cover 12 and
is held by the housing 11.

[0016] The housing 11 has a cylindrical shape and is
made of, for example, a metal or a synthetic resin. Note
that the housing 11 may have a different shape such as
a rectangular columnar shape. The protective cover 12
is disposed atone end ofthe housing 11, and the vibrating
body 13 is disposed at the other end of the housing 11.
[0017] For example, the vibrating body 13 is a piezo-
electric vibrator (a piezoelectric element) that has a cy-
lindrical shape or a shape obtained by dividing a cylin-
drical shape into a plurality of portions. The piezoelectric
vibrator vibrates, for example, by being polarized in a
thickness direction or aradial direction. The piezoelectric
vibrator is made of a PZT-based piezoelectric ceramic.
It goes without saying that a different piezoelectric ce-
ramic such as (K, Na) NbO5 may be used. Alternatively,
a piezoelectric single crystal such as LiTaO3; may be
used.

[0018] The protective cover 12 has a dome-like shape
extending from the one end of the housing 11. In the
present embodiment, this dome-like shape is a hemi-
spherical shape. Note that the viewing angle of the optical
sensor 1 is, for example, 170 degrees. Obviously, the
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dome-like shape is not limited to a hemispherical shape
and may be a shape in which a cylinder is contiguous to
a hemisphere or a shape having a surface curved less
than a hemisphere. The protective cover 12 may be a
flat plate. The entire protective cover 12 is at least trans-
parent to light of a wave length targeted by the optical
sensor 1. Thus, the light that passes through the protec-
tive cover 12 may be visible light or invisible light.
[0019] Inthe presentembodiment, the protective cover
12 is made of glass. However, the protective cover 12 is
not limited to being made of glass and may be made of
a resin such as a transparent plastic. Alternatively, the
protective cover 12 may be made of a light-transmitting
ceramic. Depending on the application, it is naturally pref-
erable to use tempered glass. By using tempered glass,
the strength of the protective cover 12 can be enhanced.
In the case where the protective cover 12 is made of a
resin, examples of the resin includes acrylic, cycloolefin,
polycarbonate and polyester. In addition, a coating layer
made of DLC or the like may be formed over a surface
ofthe protective cover 12 in order to enhance the strength
of the protective cover 12, and a hydrophilic film, a water-
repellent film, or an oleophilic or oleophobic coating layer
may be formed for the purpose of, for example, imparting
soil resistance to the surface or removing raindrops from
the surface.

[0020] The protective cover 12 may be a simple glass
cover or may be formed of an optical component such
as a concave lens, a convex lens, or a flat lens. An ad-
ditional optical component may be disposed further in-
side than the protective cover 12. The method of joining
the protective cover 12 and the housing 11 to each other
is not particularly limited. The protective cover 12 and
the housing 11 may be joined to each other by using an
adhesive, by welding them together, by fitting them to-
gether, by press-fitting them together, or the like.
[0021] The above-mentioned optical sensor 1 is posi-
tioned further inside than the protective cover 12. The
optical sensor 1 may be an image sensor such as a com-
plementary metal oxide semiconductor (CMOS) or a
charge coupled device (CCD) or may be a light detection
and ranging (LIiDAR) sensor that uses a laser beam. In
the case of using an image sensor as the optical sensor
1, the optical sensor 1 captures an image of an image
capturing target, which is present outside, through the
protective cover 12.

[0022] Anotherexample ofthe removing means, which
removes a foreign matter adhering to the light-transmit-
ting member, besides the vibrating body 13 is a rotation
mechanism that rotates the light-transmitting member.
Such a rotation mechanism may be used in combination
with the vibrating body 13 to form the removing means.
[0023] The vibrating body 13 is used as the removing
means (drivenin a cleaning mode) thatremoves a foreign
matter adhering to the protective cover 12 by vibrating
the protective cover 12, and the vibrating body 13 can
also be used as a heating unit (driven in a heating mode)
that vibrates the protective cover 12 so as to heat the
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protective cover 12 by utilizing mechanical loss of vibra-
tion. Driving of the vibrating body 13 in the cleaning mode
and driving of the vibrating body 13 in the heating mode
will be described in detail below.

[0024] Fig. 2 is a schematic diagram illustrating the
case in which the vibrating body 13 according to the first
embodiment is driven in the cleaning mode. Fig. 2(a) il-
lustrates the position of a maximum vibration displace-
ment 12a of the protective cover 12 when the vibrating
body 13 is driven in the cleaning mode. Fig. 2(b) illus-
trates the amplitude of vibration when the protective cov-
er 12 is assumed to be a flat plate and vibrated in the
cleaning mode. Fig. 2(c) illustrates a result of finite ele-
ment method (FEM) analysis in the case where the vi-
brating body 13 is driven in the cleaning mode.

[0025] Thevibratingbody 13 canbedriven inthe clean-
ing mode by driving the vibrating body 13 at, for example,
about 50 kHz. When the vibrating body 13 is driven in
the cleaning mode, as illustrated in Fig. 2(a), the maxi-
mum vibration displacement 12a occurs at a center por-
tion of the protective cover 12. As illustrated in Fig. 2(b),
when the protective cover 12 is assumedto be aflat plate,
a portion at which the amount of vibration displacement
is large is the center portion of the protective cover 12
(antinode of vibration), and a portion at which the amount
of vibration displacement is small is the peripheral edge
portion of the protective cover 12 (node of vibration).
[0026] A mechanical vibration mode of a circular mem-
ber can be expressed as a (x, y) vibration mode. Here,
the letter x represents the number of nodes existing in a
radial direction, and the letter y represents the number
of nodes existing in a direction in which the circular mem-
ber circulates. The letters x and y each represent an in-
teger. In the protective cover 12 illustrated in Fig. 2(a),
since there are no nodes in the radial direction, x = 0 is
satisfied, and since there are also no nodes in the direc-
tion in which the protective cover 12 circulates, y = 0 is
satisfied. Thus, the vibration mode is a (0, 0) vibration
mode. As illustrated in Fig. 2(c), the result of FEM anal-
ysis when the protective cover 12 is vibrated in the (0, 0)
vibration mode is a concentric circle mode in which a
maximum vibration displacement portion 20 is located at
the top portion (center portion) of the dome-like shape of
the protective cover 12.

[0027] Fig. 3 is a schematic diagram illustrating the
case in which the vibrating body 13 according to the first
embodiment is driven in the heating mode. Fig. 3(a) il-
lustrates the position of the maximum vibration displace-
ment 12a of the protective cover 12 when the vibrating
body 13 is driven in the heating mode. Fig. 3(b) illustrates
the amplitude of vibration when the protective cover 12
is assumed to be a flat plate and vibrated in the heating
mode. Fig. 3(c) illustrates a result of FEM analysis in the
case where the vibrating body 13 is driven in the heating
mode.

[0028] The vibrating body 13 can be driven in the heat-
ing mode by driving the vibrating body 13 at, for example,
about 500 kHz. When the vibrating body 13 is driven in



7 EP 3 971 639 A1 8

the heating mode, asiillustrated in Fig. 3(a), the maximum
vibration displacement 12a occurs at the center portion
of the protective cover 12, and a node 12b occurs in a
radial direction. As illustrated in Fig. 3(b), when the pro-
tective cover 12 is assumed to be a flat plate, a portion
at which the amount of vibration displacement is large is
the center portion and the peripheral edge portion of the
protective cover 12 (antinodes of vibration), and a portion
at which the amount of vibration displacement is small is
located at a position between the center portion of the
protective cover 12 and the peripheral edge portion of
the protective cover 12 (node of vibration). Note that the
maximum vibration displacement 12a in the heating
mode is within a region of the protective cover 12 that
corresponds to the field of view of the optical sensor 1.
Thus, ice or frost formed within the region of the protective
cover 12 corresponding to the field of view of the optical
sensor 1 can be quickly removed.

[0029] Inthe protective cover 12 illustrated in Fig. 3(a),
since there is the node 12b in the radial direction, x = 1
is satisfied, and since there are no nodes in the direction
in which the protective cover 12 circulates, y = 0 is sat-
isfied. Thus, the vibration mode is a (1, 0) vibration mode.
Asillustrated in Fig. 3(c), the result of FEM analysis when
the protective cover 12 is vibrated in the (1, 0) vibration
mode is a concentric circle mode in which a maximum
vibration displacement portion 21 is located at the top
portion of the dome-like shape of the protective cover 12.
Note that the number of nodes in the vibration mode of
the cleaning mode is smaller than that in the vibration
mode of the heating mode. In other words, when the
number of nodes x = n(>0), and the number of nodes x
in the vibration mode of the heating mode = m(> 0), the
vibration mode of the cleaning mode is a higher-order
vibration mode in which a relationship of n>m is satisfied.
[0030] Fig. 4 is a graph illustrating a relationship be-
tween the resonant frequency and the impedance of the
piezoelectric vibrator when the vibrating body 13 accord-
ing to the first embodiment is driven in the heating mode.
As seen from Fig. 4, the resonant frequency of the pie-
zoelectric vibrator of the vibrating body 13 is around about
516 kHz, and the impedance of the piezoelectric vibrator
varies greatly. In this case, the coupling coefficient that
indicates the efficiency with which electric energy applied
to the piezoelectric vibrator is converted into mechanical
energy is 13.236%, which is a large value.

[0031] Whenthe vibrating body 13 is driven in the heat-
ing mode, the piezoelectric vibrator of the vibrating body
13 is polarized over the entire surfaces of its cylindrical
shape and vibrates in a width vibration mode and a high-
er-order vibration mode of the width vibration mode, or
a thickness longitudinal vibration mode. The width vibra-
tion mode and the thickness longitudinal vibration mode
will now be described. Fig. 5 is a schematic diagram il-
lustrating vibration of the vibrating body 13 according to
the first embodiment. Fig. 5(a) illustrates the width vibra-
tion of the vibrating body 13. Fig. 5(b) illustrates the thick-
ness longitudinal vibration of the vibrating body 13.
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[0032] The vibrating body 13 can vibrate in the width
vibration mode, in which the vibrating body 13 expands
and contracts in the radial direction, as a result of a poling
treatment being performed on the entire surfaces of the
cylindrical piezoelectric vibrator in the thickness direc-
tion. In other words, the width vibration mode is a vibration
mode in which a position 13a of the vibrating body 13
expands and contracts in the directions of arrows illus-
trated in Fig. 5(a).

[0033] In addition, the vibrating body 13 can vibrate in
the thickness longitudinal vibration mode, in which the
vibrating body 13 expands and contracts in the thickness
direction, as a result of a poling treatment being per-
formed on the entire surfaces of the cylindrical piezoe-
lectric vibrator in the thickness direction. In other words,
the thickness longitudinal vibration mode is a vibration
mode in which a position 13b of the vibrating body 13
expands and contracts in the directions of arrows illus-
trated in Fig. 5(b).

[0034] When the vibrating body 13 is vibrated in the
heating mode, the efficiency of heating the protective
cover 12 is increased by vibrating the vibrating body 13
in a vibration mode with a high coupling coefficient. In
addition, by vibrating the top portion of the dome-shaped
protective cover 12, heat generation due to the mechan-
ical loss of the vibration on the side on which the piezo-
electric vibrator is located, heat generation due to the
dielectricloss, and heat generation due to the mechanical
loss of the vibration on the side on which the top portion
of the dome-shaped protective cover 12 is located occur
simultaneously, so that the efficiency of heating the pro-
tective cover 12 is increased.

[0035] Thus, the drive frequency in the heating mode
(a second vibration mode) is about 500 kHz and is higher
than the drive frequency in the cleaning mode (a first
vibration mode), which is about 50 kHz. It is preferable
that the drive frequency in the heating mode (the second
vibration mode) be five times or higher the drive frequen-
cy in the cleaning mode (the first vibration mode). How-
ever, since it is necessary to cause the piezoelectric vi-
brator of the vibrating body 13 to vibrate in the width vi-
bration mode and the higher-order vibration mode of the
width vibration mode or the thickness longitudinal vibra-
tion mode, the drive frequency in the heating mode (the
second vibration mode) is set to 3 MHz or lower.
[0036] Next, temperature changes in the protective
cover 12 when the vibrating body 13 is vibrated in the
heating mode will be described. Fig. 6 is a temperature
profile of the protective cover 12 when the vibrating body
13 according to the first embodiment is driven in the heat-
ing mode. Fig. 6 illustrates temperature changes in the
protective cover 12 in the heating mode, in which the
vibrating body 13 is driven at 529 kHz and temperature
changes in the protective cover 12 in the cleaning mode,
in which the vibrating body 13 is driven at 64 kHz. Note
that a driving signal that is applied to the vibrating body
13 is a signal having a sinusoidal waveform with an am-
plitude of 25 V.
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[0037] As seen from Fig. 6, when the vibrating body
13 is driven in the cleaning mode, the temperature of the
protective cover 12 can be increased only by about 2 °C
as a result of heating the protective cover 12 for 60 sec-
onds. In contrast, when the vibrating body 13 is driven in
the heating mode, the temperature of the protective cover
12 can be increased by about 22 °C as a result of heating
the protective cover 12 for 60 seconds. In other words,
in the cleaning mode, a foreign matter (e.g., a waterdrop
or the like) adhering to the surface of the protective cover
12 can be atomized and removed by vibrating the center
portion of the protective cover 12 to a large extent without
heating the protective cover 12. In contrast, in the heating
mode, the protective cover 12 can be heated quickly by
vibrating the center portion of the protective cover 12 to
a large extent.

[0038] As described above, the optical device 10 ac-
cording to the first embodiment includes the protective
cover 12, which is arranged in the viewing direction of
the optical sensor 1, the housing 11 at one end of which
the protective cover 12

is held, and the vibrating body 13 that vibrates the pro-
tective cover 12 by using the piezoelectric vibrator (pie-
zoelectric element) disposed along the other end of the
housing 11. The vibrating body 13 vibrates the protective
cover 12 by selecting, from a plurality of vibration modes
in which the protective cover 12 is vibrated, the cleaning
mode (first vibration mode) in which the vibration dis-
placement of the protective cover 12 becomes maximum
and the higher-order heating mode (second vibration
mode) in which the number of nodes of vibration (the
number of nodes) is larger than that in the first vibration
mode. In the heating mode, the position of the maximum
vibration displacement in this vibration mode is within the
region of the protective cover 12 corresponding to the
field of view of the optical sensor 1.

[0039] In the optical device 10 according to the first
embodiment, since the higher-order heating mode is se-
lected so as to vibrate the protective cover 12, a foreign
matter adhering to the protective cover 12 can be re-
moved, and heat generation can be selectively caused
within the region of the protective cover 12. In addition,
since the position of the maximum vibration displacement
12a in the heating mode is within the region of the pro-
tective cover 12 corresponding to the field of view of the
optical sensor 1, ice or frost formed within the region of
the protective cover 12 corresponding to the field of view
of the optical sensor 1 can be quickly removed.

[0040] The protective cover 12 may be excited in the
heating mode by driving the piezoelectric vibrator of the
vibrating body 13 in at least one of the width vibration
mode, the higher-order vibration mode of the width vi-
bration mode, and the thickness longitudinal vibration
mode. As a result, the vibrating body 13 can be vibrated
in a vibration mode with a high coupling coefficient, and
the efficiency of heating the protective cover 12 is in-
creased.

[0041] Thecleaningmode maybea(n (>0),0)vibration
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mode of the protective cover 12, and the heating mode
may be a (m (>n), 0) vibration mode of the protective
cover 12. As aresult, the efficiency with which the vibrat-
ing body 13 heats the protective cover 12 is increased.
[0042] In the heating mode, the position of the maxi-
mum vibration displacement 12a may be the center po-
sition in the region of the protective cover 12 correspond-
ing to the field of view of the optical sensor 1. As a result,
ice or frost formed at the center position in the region of
the protective cover 12 corresponding to the field of view
of the optical sensor 1 can be quickly removed.

[0043] The optical unit 100 includes the optical sensor
1 and the above-described optical device 10. Conse-
quently, in the optical unit 100, the higher-order heating
mode is selected so as to vibrate the protective cover 12.
Thus, a foreign matter adhering to the protective cover
12 can be removed, and heat generation can be selec-
tively caused within the region of the protective cover 12.

(Second Embodiment)

[0044] The configuration of the optical device accord-
ing to the first embodiment has been described above in
which the vibrating body 13 vibrates the protective cover
12 in the cleaning mode or the heating mode. The con-
figuration of an optical device according to a second em-
bodiment will now be described in which the vibrating
body 13 vibrates the protective cover 12 in the two vibra-
tion modes, which are the cleaning mode and the heating
mode.

[0045] Fig. 7 is a diagram illustrating a driving signal
that is supplied to the vibrating body 13 according to the
second embodiment. Fig. 8 is an enlarged view of a pe-
riod lillustrated in Fig. 7. In Fig. 7 and Fig. 8, the horizontal
axis denotes time, and the vertical axis denotes voltage.
Note that an optical unit according to the second embod-
iment has a configuration the same as that of the optical
unit 100 illustrated in Fig. 1. The same components will
be denoted by the same reference signs, and detailed
descriptions thereof will not be repeated. In addition, an
optical device according to the second embodiment has
a configuration the same as that of the optical device 10
illustrated in Fig. 1. The same components will be denot-
ed by the same reference signs, and detailed descrip-
tions thereof will not be repeated.

[0046] The vibrating body 13 according to the second
embodiment vibrates the protective cover 12 in the two
vibration modes, which are the cleaning mode and the
heating mode, and thus, a driving signal for the cleaning
mode and a driving signal for the heating mode are su-
perimposed as illustrated in Fig. 7. In other words, the
driving signal illustrated in Fig. 7 is obtained by superim-
posing a driving signal of 500 kHz for causing the pro-
tective cover 12to vibrate in the heating mode on a driving
signal of 50 kHz for causing the protective cover 12 to
vibrate in the cleaning mode. The period | corresponds
to one cycle of the driving signal of 50 kHz, and as seen
from Fig. 8, during this one cycle, the driving signal fluc-
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tuates with a cycle of 500 kHz.

[0047] The excitation circuit 14 simultaneously applies
the driving signal having a frequency (e.g., 50 kHz) for
the cleaning mode, in which the maximum vibration dis-
placement occurs at the top portion of the dome-shaped
protective cover 12, and the driving signal having a fre-
quency (e.g., 500 kHz) for the heating mode, in which
the maximum vibration displacement occurs at the top
portion of the dome-shaped protective cover 12 and in
which the protective cover 12 is heated, to the vibrating
body 13, so that cleaning of the protective cover 12 and
heating of the protective cover 12 can be simultaneously
performed by superimposing the two vibration modes.
[0048] As described above, in the optical device ac-
cording to the second embodiment, the vibrating body
13 vibrates the protective cover 12 by superimposing the
heating mode on the cleaning mode. By superimposing
the cleaning mode and the heating mode so as to vibrate
the protective cover 12, removal (cleaning) of a foreign
matter adhering to the surface of the protective cover 12
and heating of the protective cover 12 can be performed
simultaneously, and neither additional heating means
nor a control unit that controls the additional heating
means is necessary. Consequently, a reduction in the
size of the optical device, a reduction in the manufactur-
ing costs of the optical device, and an improvement in
the reliability of the optical device can be achieved. In
addition, removal (cleaning) of a foreign matter adhering
to the surface of the protective cover 12 and melting of
ice or frost formed on the surface of the protective cover
12 can be performed simultaneously, and the efficiency
of removal of foreign matters is improved. Consequently,
the visibility of the optical device can be improved in real
time.

[0049] Note that, in Fig. 7, the driving signal of 500 kHz
for vibrating the protective cover 12 in the heating mode
is superimposed on the driving signal of 50 kHz for vi-
brating the protective cover 12 in the cleaning mode in
each period of the driving signal of 50 kHz. However, the
present invention is not limited to this, and the driving
signal of 500 kHz for vibrating the protective cover 12 in
the heating mode may be superimposed on the driving
signal of 50 kHz for vibrating the protective cover 12 in
the cleaning mode in some periods of the driving signal
of 50 kHz. In other words, the length of time over which
the vibrating body 13 is driven so as to vibrate the pro-
tective cover 12 in the heating mode may be shorter than
the length of time over which the vibrating body 13 is
driven so asto vibrate the protective cover 12 inthe clean-
ing mode.

[0050] Obviously, as described in the first embodi-
ment, also in the case of driving the vibrating body 13
without superimposing the driving signal for vibrating the
protective cover 12 in the cleaning mode and the driving
signal for vibrating the protective cover 12 in the heating
mode, the driving time in the heating mode may be short-
er than the driving time in the cleaning mode.
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(Third Embodiment)

[0051] The configuration of the optical device accord-
ing to the first embodiment has been described above in
which the protective cover 12 is vibrated in the heating
mode, in which the maximum vibration displacement oc-
curs at the top portion of the dome-shaped protective
cover 12 and in which the protective cover 12 is heated.
The configuration of an optical device according to a third
embodiment will now be described in which the protective
cover 12 is vibrated in the heating mode in which the
maximum vibration displacement occurs at a portion of
the protective cover 12 excluding the top portion of the
dome-shaped protective cover 12 and in which the pro-
tective cover 12 is heated.

[0052] As illustrated in Fig. 3, the position of a portion
at which the amount of vibration displacement is large
(antinode of vibration) and the position of a portion at
which the amount of vibration displacement is small
(node of vibration) change depending on the frequency
of the driving signal for driving the vibrating body 13.
Thus, by changing the frequency of the driving signal for
driving the vibrating body 13 such that the maximum vi-
bration displacement occurs at a peripheral portion of the
protective cover 12 excluding the top portion of the dome-
shaped protective cover 12, the peripheral portion of the
protective cover excluding the top portion of the dome-
shaped protective cover can be heated by usingmechan-
ical loss of vibration.

[0053] Fig. 9 is a diagram illustrating a result of FEM
analysis in the case where the vibrating body according
to the third embodiment is driven in the heating mode.
Fig. 9(a) illustrates a result of FEM analysis in the case
where the vibrating body 13 is driven by the driving signal
having a frequency at which the maximum vibration dis-
placement occurs at a peripheral portion of the protective
cover 12 excluding the top portion of the dome-shaped
protective cover 12. Fig. 9(b) illustrates a result of FEM
analysis in the case where the vibrating body 13 is driven
by the driving signal having a frequency at which the max-
imum vibration displacement occurs at the top portion of
the dome-shaped protective cover 12.

[0054] Fig. 9(a) illustrates a vibration mode in which
maximum vibration displacement portions 22a to 22g are
located at a peripheral portion of the protective cover 12
excluding the top portion of the dome-shaped protective
cover 12, and the protective cover 12 can be heated by
using the mechanical loss of the vibration at the positions
of the maximum vibration displacement portions 22a to
22g. Fig. 9(b) illustrates a vibration mode in which a max-
imum vibration displacement portion 23 is located at the
top portion of the dome-shaped protective cover 12, and
the protective cover 12 can be heated by using the me-
chanical loss of the vibration at the position of the max-
imum vibration displacement portion 23.

[0055] The excitation circuit 14 illustrated in Fig. 1 can
change frequency in order to switch between the vibra-
tion mode in which the maximum vibration displacement
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portions 22a to 22g are located at the positions illustrated
in Fig. 9(a) and the vibration mode in which the maximum
vibration displacement portion 23 is located at the posi-
tion illustrated in Fig. 9(b). In other words, the excitation
circuit 14 also serves as a switching unit that switches
the vibration mode in which the protective cover 12 is
vibrated.

[0056] As described above, in the optical device ac-
cording to the third embodiment, the excitation circuit 14
can switch to, as the heating mode, a vibration mode in
which the maximum vibration displacement occurs at a
position where heat generation is to be caused within the
region of the protective cover 12 corresponding to the
field of view of the optical sensor 1 in accordance with
the position. As a result, an arbitrary portion of the pro-
tective cover 12 can be selected to be heated.

[0057] Note that, in order to easily change the position
at which the maximum vibration displacement of the pro-
tective cover 12 occurs, instead of performing a poling
treatment on the entire surfaces of the cylindrical piezo-
electric vibrator of the vibrating body 13 in the thickness
direction, it is desirable that the piezoelectric vibrator be
divided into a plurality of portions and that a poling treat-
ment be performed on the piezoelectric vibrator. Fig. 10
is a schematic diagram illustrating vibration of the vibrat-
ing body according to the third embodiment. Fig. 10 il-
lustrates the case in which the piezoelectric vibrator of
the vibrating body 13 is split into, for example, two por-
tions and in which each of the piezoelectric vibrator por-
tions is vibrated in the width vibration mode and the thick-
ness longitudinal vibration mode. In Fig. 10(a), vibrating
bodies 131 and 132, which are obtained by splitting the
vibrating body 13 into two portions, are vibrated in the
width vibration mode. In Fig. 10(b), vibrating bodies 133
to 140, which are obtained by splitting the vibrating body
13 into eight portions, are vibrated in the thickness lon-
gitudinal vibration mode.

[0058] The two separate vibrating bodies 131 and 132
are oppositely polarized to each other, or signals whose
electric potentials are reversed so as to have phases
differing from each other by 180 degrees are applied to
the vibrating body 131 and the vibrating body 132. As a
result, as illustrated in Fig. 10(a), vibration by which the
vibrating body 131 expands in the horizontal direction
indicated by arrows is excited, and vibration by which the
vibrating body 132 contracts in the horizontal direction
indicated by arrows is excited.

[0059] The two separate vibrating bodies 133 and 134
are oppositely polarized to each other, or signals whose
electric potentials are reversed so as to have phases
differing from each other by 180 degrees are applied to
the vibrating body 133 and the vibrating body 134. As a
result, as illustrated in Fig. 10(b), vibration by which the
vibrating body 133 expands in the thickness direction in-
dicated by arrows is excited, and vibration by which the
vibrating body 134 contracts in the thickness direction
indicated by arrows is excited.

[0060] By combining the vibrating bodies illustrated in
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Fig. 10(a) and Fig. 10(b), various vibration modes can
be easily formed. In other words, by inverting portions of
the vibrating bodies that vibrate in the uniform vibration
directions illustrated in Fig. 10(a) and Fig. 10(b), the pro-
tective cover 12 can be vibrated in a new vibration mode
that has a node in the radial direction and in which the
direction of vibration is reversed at a split axis. When the
protective cover 12 is vibrated in such a vibration mode,
the protective cover 12 can be excited with higher effi-
ciency than in the vibration mode illustrated in Fig. 9(a)
as an example, and the bottom of the protective cover
12 can be effectively heated. In addition, for example, a
vibrating body thatis one of two vibrating bodies obtained
by splitting a single vibrating body into two portions is
driven in the thickness longitudinal vibration mode, so
thatthe protective cover 12 can belocally heated by being
vibrated only in the thickness direction. Note that, al-
though Fig. 10 illustrates the case where the vibrating
body is split into two portions, the present invention is
not limited to this configuration, and the vibrating body
may be split into three or more portions. In other words,
the protective cover 12is vibrated by using a piezoelectric
vibrator that has been divided into a plurality of portions
and that has undergone a poling treatment, so that the
excitation circuit 14 can easily switch to, as the heating
mode, a vibration mode in which the maximum vibration
displacement occurs at a position where heat generation
is to be caused within the region of the protective cover
12 corresponding to the field of view of the optical sensor
1in accordance with the position. As aresult, an arbitrary
portion of the protective cover 12 can be selected to be
heated.

(Other Modifications)

[0061] Although the protective cover 12 has a dome-
like shape in each of the optical devices according to the
above-described embodiments, the protective cover 12
may have a plate-like shape.

[0062] Each ofthe optical units according to the above-
described embodiments may include a camera, aLiDAR,
a Rader, or the like.

[0063] Each ofthe optical units according to the above-
described embodiments is not limited to an optical unit
thatis mounted onto a vehicle, and the present invention
can also be applied to an optical unit for applications re-
quiring cleaning of a light-transmitting member thatis dis-
posed in the field of view of the optical sensor.

[0064] Inthe descriptions of the optical units according
to the above embodiments, although the vibrating body
or a rotation mechanism, which is an alternative to the
vibrating body, has been described as the removing
means that removes a foreign matter adhering to the sur-
face of the protective cover, the removing means is not
limited to the vibrating body or a rotation mechanism.
Instead of being a vibrating body, the removing means
may have any configuration as long as the removing
means can remove a foreign matter adhering to the sur-
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face of the protective cover, and for example, the remov-
ing means may be a mechanism that uses a wiper to
physically remove a foreign matter or may be a mecha-
nism that removes a foreign matter by causing a dis-
charge device to discharge a cleaner (a cleaning liquid,
air, or the like).

[0065] The embodiments disclosed herein are exam-
ples in all respects, and the present invention is not to
be considered limited to the embodiments. The scope of
the presentinvention is to be determined not by the above
description, but by the claims, and it is intended that
meanings equal to the claims and all the modifications
within the scope of the claims are included in the scope
of the present invention. Reference Signs List

[0066]

1 optical sensor
10 optical device
11 housing

12 protective cover
13 vibrating body
14 excitation circuit
100  optical unit

Claims
1. An optical device comprising:

a light-transmitting member that is arranged in
a viewing direction of an optical sensor;

a cylindrical body at one end of which the light-
transmitting member is held; and

a vibrating body that vibrates the light-transmit-
ting member by using a piezoelectric element
disposed along another end of the cylindrical
body,

wherein the vibrating body vibrates the light-
transmitting member by selecting, from a plural-
ity of vibration modes in which the light-trans-
mitting member is vibrated, a first vibration mode
in which vibration displacement of the light-
transmitting member becomes maximum and a
higher-order second vibration mode in which the
number of nodes is larger than the number of
nodes in the first vibration mode, and

wherein, in the second vibration mode, a posi-
tion of a maximum vibration displacement in the
second vibration mode is within a region of the
light-transmitting member that corresponds to a
field of view of the optical sensor.

2. The optical device according to Claim 1,
wherein a drive frequency of the second vibration
mode is five times or higher a drive frequency in the
first vibration mode.

3. The optical device according to Claim 2,
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10

wherein the drive frequency of the second vibration
mode is 3 MHz or lower.

4. The optical device according to any one of Claims 1
to 3,
wherein the light-transmitting member is excited in
the second vibration mode by driving the piezoelec-
tric elementin at least one of a width vibration mode,
a higher-order vibration mode of the width vibration
mode, and a thickness longitudinal vibration mode.

5. The optical device according to any one of Claims 1
to 4,
wherein the first vibration mode is a (n (>0), 0) vibra-
tion mode of the light-transmitting member, and the
second vibration modeis a(m (>n), 0) vibration mode
of the light-transmitting member.

6. The optical device according to any one of Claims 1
to 5,
wherein the vibrating body vibrates the light-trans-
mitting member by superimposing the second vibra-
tion mode on the first vibration mode.

7. The optical device according to any one of Claims 1
to 6,
wherein a length of time over which the vibrating
body is driven so as to vibrate the light-transmitting
member in the second vibration mode is shorter than
a length of time over which the vibrating body is driv-
en so as to vibrate the light-transmitting member in
the first vibration mode.

8. The optical device according to any one of Claims 1
to 7,
wherein, in the second vibration mode, the position
of the maximum vibration displacement is a center
position in the region of the light-transmitting mem-
ber corresponding to the field of view of the optical
sensor.

9. The optical device according to any one of Claims 1
to 7, further comprising:

a switching unit that switches a vibration mode
in which the light-transmitting member is vibrat-
ed,

wherein the switching unit switches to, as the
second vibration mode, a vibration mode in
which the maximum vibration displacement oc-
curs at a position at which heat generation is to
be caused within the region of the light-transmit-
ting member corresponding to the field of view
of the optical sensor in accordance with the po-
sition.

10. The optical device according to any one of Claims 1
to 9,
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wherein the piezoelectric element has undergone a
poling treatment in a thickness direction.

11. An optical device comprising:

a light-transmitting member that is arranged in

a viewing direction of an optical sensor;

a cylindrical body at one end of which the light-
transmitting member is held;

a vibrating body that vibrates the light-transmit- 70
ting member by using a piezoelectric element
disposed along another end of the cylindrical
body; and

a switching unit that switches a vibration mode

in which the light-transmitting member is vibrat- 15
ed,

wherein the vibrating body vibrates the light-
transmitting member by selecting, from a plural-

ity of vibration modes in which the light-trans-
mitting member is vibrated, afirst vibration mode 20
in which vibration displacement of the light-
transmitting member becomes maximum and a
higher-order second vibration mode in which the
number of nodes is larger than the number of
nodes in the first vibration mode, and 25
wherein the switching unit switches to, as the
second vibration mode, a vibration mode in
which a maximum vibration displacement oc-
curs at a position in the region of the light-trans-
mitting member corresponding to the field of 30
view of the optical sensor in accordance with the
position.

12. The optical device according to Claims 11,
wherein the piezoelectric element has undergone a 35
poling treatment in a thickness direction or has been
divided into a plurality of portions and has undergone
a poling treatment.

13. An optical unit comprising: 40
an optical sensor; and
the optical device according to any one of Claims

1to 10.
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